Creatinine (1) is a spontaneous, nonenzymatic degradation product of creatine (6) and phosphocreatine in vertebrates ( Fig. 1) . 1 The concentration of 1 in human serum and urine is maintained constant in healthy conditions. Therefore, 1 works as a clinically important index for assessing renal and muscular functions. 1 Furthermore, its concentration is used as a standardization tool for quantitative measurements of therapeutic or illicit drugs and xenobiotics in urine. 2 A molecular imprinting technique is very attractive because specific recognition sites for a target molecule can be easily molded in synthetic polymer networks. [3] [4] [5] The prepared molecularly imprinted polymers (MIPs) have been utilized as chromatographic media, sensors, artificial antibodies, and catalysts. [3] [4] [5] We are in the process of developing a rapid and simple method for the determination of 1 in human serum and urine by utilizing MIP for 1. MIPs for 1 have so far been prepared by several methods. First, bulk polymerization was used for the preparation of the MIPs: Sreenivasan and Sivakumar 6 prepared MIP using methacrylic acid (MAA), N-vinylpyrrolidone, or 2-hydroxyethyl methacrylate as a functional monomer and ethylene glycol dimethacrylate (EDMA) as a crosslinker. Syu and his group used 4-vinylpyridine and EDMA, 7,8 and a β-cyclodextrin monomer and epichlorohydrin. 8, 9 Furthermore, a polymerizable Lewis acidic Zinc(II)cylclen complex and EDMA were used. 10 Second, inorganic polymeric materials 11,12 and hybrid organic-inorganic polymeric materials 13 imprinted with 1 were synthesized by sol-gel techniques. Tetraethoxysilane (TEOS) 11 or TEOS and aluminum ion 12 was used for the former, while TEOS and an organic functional monomer, 2-acrylamido-2-methylpropane-sulfonic acid, were used for the latter. 13 MIP monoliths prepared by bulk polymerization methods and sol-gel techniques described above have to be crushed and sieved for obtaining MIP particles, which are polydispersed and irregular beads. Third, on the surface of silica gels, melamine-co-chloranil polymers 14 were imprinted with 1. In addition, polymethacylic acid was first grafted on the surface of silica gels, and then surface imprinting was performed with EDMA as a cross-linker. 15 However, efforts to make monodispersed MIPs for 1 have not yet been reported.
Creatinine (1) is a spontaneous, nonenzymatic degradation product of creatine (6) and phosphocreatine in vertebrates ( Fig. 1 ). 1 The concentration of 1 in human serum and urine is maintained constant in healthy conditions. Therefore, 1 works as a clinically important index for assessing renal and muscular functions. 1 Furthermore, its concentration is used as a standardization tool for quantitative measurements of therapeutic or illicit drugs and xenobiotics in urine. 2 A molecular imprinting technique is very attractive because specific recognition sites for a target molecule can be easily molded in synthetic polymer networks. [3] [4] [5] The prepared molecularly imprinted polymers (MIPs) have been utilized as chromatographic media, sensors, artificial antibodies, and catalysts. [3] [4] [5] We are in the process of developing a rapid and simple method for the determination of 1 in human serum and urine by utilizing MIP for 1. MIPs for 1 have so far been prepared by several methods. First, bulk polymerization was used for the preparation of the MIPs: Sreenivasan and Sivakumar 6 prepared MIP using methacrylic acid (MAA), N-vinylpyrrolidone, or 2-hydroxyethyl methacrylate as a functional monomer and ethylene glycol dimethacrylate (EDMA) as a crosslinker. Syu and his group used 4-vinylpyridine and EDMA, 7,8 and a β-cyclodextrin monomer and epichlorohydrin. 8, 9 Furthermore, a polymerizable Lewis acidic Zinc(II)cylclen complex and EDMA were used. 10 Second, inorganic polymeric materials 11, 12 and hybrid organic-inorganic polymeric materials 13 imprinted with 1 were synthesized by sol-gel techniques. Tetraethoxysilane (TEOS) 11 or TEOS and aluminum ion 12 was used for the former, while TEOS and an organic functional monomer, 2-acrylamido-2-methylpropane-sulfonic acid, were used for the latter. 13 MIP monoliths prepared by bulk polymerization methods and sol-gel techniques described above have to be crushed and sieved for obtaining MIP particles, which are polydispersed and irregular beads. Third, on the surface of silica gels, melamine-co-chloranil polymers 14 were imprinted with 1. In addition, polymethacylic acid was first grafted on the surface of silica gels, and then surface imprinting was performed with EDMA as a cross-linker. 15 However, efforts to make monodispersed MIPs for 1 have not yet been reported.
In our previous reports, monodispersed MIPs for (S)-nilvadipine and nicotine were prepared by multi-step swelling and polymerization, 16 and precipitation polymerization, 17 respectively. The former was useful for the preparation of MIPs for hydrophobic compounds, while the latter was useful for that for hydrophilic compounds. Toluene and a mixture of toluene and acetonitrile were generally used as porogenic solvents, respectively. Since 1 is very hydrophilic, it does not dissolve in porogenic solvents. Therefore, a MIP for 1 was not prepared by either multi-step swelling and polymerization, or precipitation polymerization. 1 was first dissolved in a small portion of water, and then a MIP for 1 was prepared by precipitation polymerization. Since 1 is first dissolved in water, the method is called modified precipitation polymerization. A MIP for 1 was prepared by modified precipitation polymerization as 2012 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: haginaka@mukogawa-u.ac.jp
Monodispersed Molecularly Imprinted Polymer for Creatinine by Modified Precipitation Polymerization
Jun HAGINAKA, † Chitose MIURA, Noriko FUNAYA, and Hisami MATSUNAGA School of Pharmacy & Pharmaceutical Sciences, Mukogawa Women's University, 11-68 Koshien Kyuban-cho, Nishinomiya, Hyogo 663-8179, Japan A monodispersed molecularly imprinted polymer (MIP) for creatinine was prepared by modified precipitation polymerization. The retention and molecular-recognition properties of the prepared MIP were evaluated by the hydrophilic interaction chromatography mode using a mixture of ammonium acetate buffer and acetonitrile as a mobile phase in liquid chromatography. The MIP had a specific recognition ability for creatinine, while other structurally related compounds, such as hydantoin, 1-methylhydantoin, 2-pyrrolidone, N-hydroxysuccinimide and creatine, could not be recognized on the MIP. In addition to shape recognition, hydrophilic interactions could work for the recognition of creatinine on the MIP. Creatine (6) Hydantoin (2) 1-Methylhydantoin (3) 2-Pyrrolidone (4) N-Hydroxysuccinimide (5) Fig. 1 Structures of creatinine and its structurally related compounds used in this study.
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follows. To 128 mL of acetonitrile-toluene (3:1, v/v), a mixture of 1 (1.5 mmol) dissolved in 4 mL of water, MAA (6 mmol), divinylbenzene (28.8 mmol), and 2,2′-azobis(isobutyronitrile) (1.9 mmol) were added. The mixture was degassed with an argon gas for 15 min, and then rotated slowly. The reaction temperature was increased from 25 to 60 C for 2 h, and then kept at 60 C for a further 2 -48 h. Similarly, a nonimprinted polymer (NIP) was prepared without a template molecule. Figure 2 , parts a and b, shows scanning electron micrographs of the MIP for 1 and the NIP, respectively, prepared by modified precipitation polymerization. The particle diameters of the MIP and NIP were 3.8 ± 0.10 and 4.5 ± 0.07 μm, respectively. The MIP and NIP were monodispersed with a narrow particle size distribution. Furthermore, the specific surface area, specific pore volume and average pore diameter of the MIP, measured using nitrogen sorption porosimetry, were 497 m 2 /g, 0.20 cm 3 /g and 3.2 nm, respectively. Those values for the NIP were 458 m 2 /g, 0.18 cm 3 /g and 3.1 nm, respectively. These data indicate that the obtained MIP and NIP have high specific surface areas associated with microporous structures. Furthermore, both the MIP and the NIP have a similar morphology.
The obtained MIP and NIP were packed into a stainless-steel column (2.0 mm in inner diameter and 50 mm in length). Their retention and molecular-recognition properties were evaluated by liquid chromatography (LC). First, the MIP was checked in a reversed-phase chromatography mode using a mixture of sodium phosphate buffer and acetonitrile as a mobile phase. However, 1 was not retained on the MIP at all. Next, the MIP was checked in the hydrophilic interaction chromatography (HILIC) mode using a mixture of 2 mmol/L ammonium acetate buffer (pH 7.0) and acetonitrile as a mobile phase. In the HILIC mode, 1 was retained on the MIP. In addition to 1, the retention and molecular-recognition properties of its structurally related compounds, such as hydantoin (2), 1-methylhydantoin (3), 2-pyrrolidone (4), N-hydroxysuccinimide (5) and creatine (6), were checked. With an increase in the acetonitrile content (from 80 to 95 v/v%), the retention factor of 1 on the MIP was increased. This result indicates that in addition to shape recognition, hydrophilic interactions between 1 and the MIP could work for the recognition of 1.
The selectivity factor, which is used to evaluate the molecular-recognition ability of a MIP, was calculated from the equation kMIP/kNIP, where kMIP and kNIP are the retention factors of a solute on a MIP and a NIP, respectively. The selectivity factor of 1 was 3.6 and 2.5, respectively, when the mobile phases of a mixture of 2 mmol/L ammonium acetate buffer (pH 7.0) and acetonitrile (10:90 and 5:95, v/v) were used. The selectivity factors of 4, 5 and 6 were 0.94, 1.1, and 0.86, respectively, when the mobile phase of a mixture of 2 mmol/L ammonium acetate buffer (pH 7.0) and acetonitrile (10:90, v/v) was used. However, since 2 and 3 were not retained on both the MIP and the NIP, their selectivity factors could not be accurately calculated. This means that these compounds (2 -6) are not recognized on the MIP, but that 1 is recognized. Figure 3 , parts a and b, shows the separations of 1 -5 on MIP and NIP, respectively. On the MIP, 1 was retained more than its structurally related compounds, 2 -5, because of imprinting effects. Therefore, 1 was completely separated from 2 -5. On the other hand, 1 was partially separated from 4 and 5 on the NIP. These results indicate that the MIP has a specific recognition ability for 1, and that the monodispersed MIP could be prepared by modified precipitation polymerization.
Further study is on going in our laboratory to prepare monodispersed MIPs for hydrophilic compounds, such as amino acids, peptides and sugars, by modified precipitation polymerization. 
